ABSTRACT: Ewes selected for fertility in autumn lambing were used to evaluate correlated responses in nocturnal hormone levels. Four jugular blood samples were obtained during nighttime in August from each of 113 selected and 69 control ewes. Melatonin levels were lower for selected ewes (143 ± 14 pg/mL) than for control ewes (184 ± 13 pg/mL), and melatonin levels decreased with increases in estimated breeding values (EBV) for fertility (−2.23 ± 0.79 pgؒmL
Introduction
Seasonal reproduction is common in most mammals and is driven by annual changes in photoperiod (Ortavant et al., 1985) . In sheep, seasonal variation in reproductive activity is probably the consequence of an endogenous circannual rhythm that is synchronized by changes in daily melatonin secretion (Barrell et al., 2000) . Circadian variation in circulating melatonin and circannual variation in timing and duration of the nighttime rise in melatonin are intimately associated with control of seasonal breeding in sheep (Malpaux et al., 1996) . Administration of exogenous melatonin to pinealectomized animals accurately mimics photoperiod effects on reproduction, and the pattern of melatonin administration is responsible for the control of seasonal reproduction (Bittman et al., 1983; Barrell et al., 2000) .
Phenotypic variation among sheep in natural plasma melatonin concentrations was described by Zarazaga 1 2895 ewe age interaction was also observed, with smaller differences in prolactin levels in 2-yr-old and older ewes (74 ± 7 vs 56 ± 9 ng/mL for select and control ewes, respectively; P < 0.20 before and P = 0.05 after logarithmic transformation). Prolactin levels increased with both fertility EBV (1.23 ± 0.53 ngؒmL ). Heritability estimates were 0.43 (P < 0.02) for melatonin levels and 0.11 (P > 0.25) for prolactin levels. Thus, we conclude that selection for fertility in autumn lambing has affected patterns of melatonin and prolactin secretion during the dark phase.
et al. (1998) and shown to be repeatable among ewes . However, the possibility of an association between genetic variation in seasonal breeding patterns and plasma melatonin concentrations has not been studied. Prolactin also exhibits photoperiodic responses (Thimonier, 1989) , but, in contrast to melatonin, changes in prolactin do not seem to drive seasonal breeding (Worthy and Haresign, 1983; Worthy et al., 1985) . Studies of a possible association between variation in prolactin plasma concentrations and seasonal reproductive activity were not found in the literature. This study was, therefore, designed to investigate associations between genetic differences in seasonal reproduction and circulating concentrations of nocturnal melatonin and prolactin, making use of a sheep population selected for fertility in autumn lambing and its contemporary control line (Al-Shorepy and Notter, 1997; Notter et al., 1998) .
Materials and Methods

Animals
Animals for this study came from a line (S) selected for fertility in autumn lambing and from an unselected contemporary control line. Lines were established in 1988 from 50% Dorset, 25% Rambouillet, and 25% Finnsheep breeding (Fossceco and Notter, 1995) . Prelimi- nary descriptions of selection response were reported by Notter (1996, 1997) and . From 1988 through 1993, selection was based on mean ewe fertility in autumn (October and November) lambing. After 1993, selection was based on estimated breeding values (EBV) for fertility from an animal model. Fertility was defined as a 0, 1 response variate; ewes received a value of 1 if they lambed in autumn and a value of 0 if they did not. Design of the selection experiment was described in detail by AlShorepy and Notter (1996) . By spring 1997, EBV for fertility of ewes mated in the S flock exceeded those of control ewes by an average of 15% . Mean fertility of adult (3 yr old and older) ewes in autumn lambing in 1995 through 1997 averaged 80% for S ewes and 65% for control ewes (P < 0.05; Notter et al., 1998) . Vincent et al. (2000) also reported a negative relationship between fertility EBV and duration of the seasonal anestrus and documented the presence of some animals in the flock that did not become anestrous.
In the current study, 182 S and control ewes present in summer 1998 were used. The distribution of ewe ages for each flock and the proportion of each group that lambed in fall 1998 are shown in Table 1 . Differences in lambing rates between S and control ewes were smaller than those reported by Notter et al. (1998) because some S ewes had been left nonpregnant after use in intensive experiments such as those reported by Vincent et al. (2000) .
Sampling Procedures
Four blood samples were obtained from each animal at approximately hourly intervals between 2300 and 0200. Animals were confined in darkened barns for sampling by 1800 on the day of sampling. All sources of artificial light in barns and adjacent lots were disabled. Sampling occurred in two locations. At the first location, animals were held in a barn with solid walls; essentially no exposure to artificial light could occur. At this location, 100 animals were sampled in five pens on the night of August 12 and 56 animals were sampled in three pens on the night of August 13. At the second location, 26 animals were held in a partially open pole barn and sampled on the night of August 13. The nearest artificial light source at this location was at least 150 m from the open ends of the barn and did not directly illuminate the interior, but animals at the second location had somewhat greater exposure to ambient light.
Blood samples were collected under a dim red light (< 1 lx at 20 cm) and care was taken to avoid direct illumination of the animals' eyes. All blood samples were obtained by jugular venipuncture; plasma was subsequently separated by centrifugation at 2,622 × g for 20 min and stored at −20°C.
Assay Procedures
Melatonin concentrations were quantified in duplicate aliquots of 100 µL of plasma by RIA (Fraser et al., 1983) using an antibody first raised by Tillet et al. (1986) . Sensitivity of the assay was 4 pg/mL. Mean intraassay coefficient of variation estimated by assaying three plasma pools (low, medium, and high concentrations of melatonin) in duplicate every 100 unknown samples was 5.8%. All samples were evaluated in the same assay.
Prolactin was assayed in duplicate 10-to 50-µL aliquots of plasma by RIA (Kann, 1971) . Sensitivity was 8 ng/mL of NIDDK-o-prolactin-19 for 50 µL of plasma. Intraassay coefficient of variation for two plasma pools averaged 11%. All samples were measured in the same assay.
Statistical Procedures
Circulating hormone concentrations were analyzed as actual values or after transformation to natural logarithms. All analyses were conducted using SAS (SAS Inst. Inc., Cary, NC). An initial analysis investigated simple correlations among levels of the two hormones within and between sampling times, but all subsequent analyses were conducted using mean levels of melatonin and prolactin across the four samples.
A preliminary statistical model included effects of night and location of sampling with two degrees of freedom, pen (nested within night and location) and additional fixed effects of flock (S vs control), ewe age (1, 2, or ≥ 3), pregnancy status (nonpregnant or pregnant based on subsequent fall lambing), and all two-way interactions among flock, ewe age, and pregnancy status. However, pen effects were consistently nonsignificant and were removed from the final model (Model 1).
Flocks differed as a result of selection for fertility, and variation was present between and within flocks in fertility EBV. Model 2 replaced the categorical effect of flock in Model 1 with the continuous effect of fertility EBV to investigate effects of fertility EBV on hormone levels across flocks. Model 3 included effects of both fertility EBV and flock to determine whether flock differences in circulating hormone levels could be ex-plained by extrapolation of the within-flock relationship to fertility EBV. Al-Shorepy et al. (1998) reported that autumn-born lambs in this flock had lower birth weights than springborn lambs and that maternal effects on lamb birth weight were more important in autumn. To further investigate these results, the continuous effect of maternal birth weight EBV on prolactin levels was added to Models 2 and 3.
Heritability estimates for circulating melatonin and prolactin were obtained for the mean of the four samples by restricted maximum likelihood (Boldman et al., 1993 ) using an animal model that also included effects of ewe age and pregnancy status. Relationships among the 182 experimental animals were determined from the pedigree file for the selection experiment (3,736 animals). Significance of additive effects was determined by likelihood ratio tests comparing an unconstrained model to a model with h 2 fixed at 0.001.
Results and Discussion
Correlation Analysis
Correlations (r) among the four measures of circulating melatonin for each ewe ranged from 0.53 to 0.58 (P < 0.001), with no tendency for adjacent samples to be more closely associated than nonadjacent samples. Circulating prolactin levels from the same ewe were also correlated (r = 0.50 to 0.75; P < 0.001), with a tendency for correlations involving the fourth sample (r = 0.50 to 0.55) to be lower than correlations among the first three samples (r = 0.60 to 0.75). In contrast, correlations between circulating melatonin and prolactin were consistently small and nonsignificant (r = −0.07 to 0.13), even in samples taken at the same time (r = 0.00 to 0.13). The correlation between mean levels of melatonin and prolactin was likewise small before (r = 0.06; P = 0.43) and after (r = 0.09; P = 0.23) transformation.
Melatonin Concentrations
Nocturnal melatonin concentrations were lower (P < 0.02) for selected ewes and increased with ewe age (Table 2). Flock effects were significant for both absolute and transformed values, but age effects were significant only on the absolute scale (P = 0.04; P = 0.18 after transformation). Effects of night and location of sampling, pregnancy status, flock × ewe age interaction, and ewe age × pregnancy status interaction were not significant (P > 0.25). However, flock × pregnancy status interaction approached significance (P < 0.10). Nonpregnant ewes from the selection line had clearly lower melatonin concentrations than nonpregnant control ewes (142 ± 15 vs 209 ± 17 pg/mL; P < 0.005) whereas pregnant S ewes were less different from pregnant control ewes (143 ± 17 vs 160 ± 21 pg/mL; P = 0.44).
When flock effects and interactions were removed from the model and replaced with the continuous effect of fertility EBV, circulating melatonin was negatively associated with fertility EBV (P < 0.01), and the relationship did not differ (P > 0.45) with flock, ewe age, or pregnancy status. In a model containing only effects of ewe age and fertility EBV, circulating melatonin decreased by 2.23 ± 0.79 pg/mL for each 1% increase in fertility EBV. In this model, circulating melatonin still tended to increase with increasing ewe age (from 137 ± 18 pg/mL in 10-mo-old S line ewe lambs to 144 ± 22 pg/mL in 17-mo-old control ewe lambs, 160 ± 16 pg/mL in 2-yr-old ewes, and 180 ± 11 pg/mL in adult ewes), but ewe age effects were no longer significant (P = 0.13 before and P = 0.43 after transformation).
When effects of both flock and fertility EBV were included in the model, flock effects were no longer significant (P > 0.30), indicating that observed differences between flocks in circulating melatonin could be accounted for by flock differences in fertility EBV. However, the magnitude of the regression coefficient of circulating melatonin on fertility EBV was reduced by about 20% compared to that obtained without flock effects in the model, to −1.81 ± 1.04 pgؒmL −1
ؒ%
−1 (P = 0.08 before and P = 0.27 after transformation), and the standard error of the regression coefficient was increased by over 30%. This result occurred because when flock effects were included in the model the regression coefficient was based only on within-flock variation in fertility EBV whereas when flock effects were excluded the full range in fertility EBV across flocks was used to estimate the regression coefficient, with correspondingly greater power and lower standard error.
Power to detect an association between two variables is directly associated with the range and variation in the independent variable (in this case, fertility EBV). Across both lines, the range and SD in fertility EBV were 41.0 and 10.5%, respectively, and reflected mean differences in fertility EBV between S (19.7%) and control (4.5%) lines as well as within-line variation. When line effects were included in Model 3, the relationship between circulating melatonin and fertility EBV was based only on within-line variation. Variation in fertil- ity EBV in control ewes (SD of 10.0%) was similar to that observed across lines, but variation in fertility EBV in the S line was limited as a result of prior selection (range of −7.0 to 29.6% in fertility EBV but with a SD of only 5.2%).
Effects of flock × pregnancy status interaction no longer approached significance in Model 3, suggesting that possible interaction effects in Model 1 were the result of differences in fertility EBV among nonpregnant and pregnant ewes from the two flocks. Selection line ewes were uniformly high in fertility EBV, and even ewes that were not pregnant in the current year still had a history of high past fertility. Also, some S ewes had been purposely left nonpregnant after use in other experiments. Thus S ewes were similar in circulating melatonin regardless of whether they were pregnant (143 ± 17 pg/mL) or not (142 ± 15 pg/mL). In contrast, control ewes were selected at random. Thus, control ewes had lower mean fertility EBV than S ewes, and control ewes with poor past performance were as likely to be represented as those with high past fertility. Resulting differences in circulating melatonin between pregnant (160 ± 21 pg/mL) and nonpregnant (209 ± 17 pg/mL) control ewes thus reflected EBV differences and led to a tendency for a flock × pregnancy status interaction in Model 1.
Estimated heritability of circulating nocturnal melatonin was 0.43 (P < 0.02) before and 0.29 (P = 0.05) after transformation. Although numbers of observations in the current study (182 ewes representing 57 sires) were at best marginally sufficient for estimation of genetic parameters, this estimate is consistent with the heritability estimate of 0.45 ± 0.07 for nocturnal melatonin levels reported by Zarazaga et al. (1998) from 312 Ilede-France ewes by 18 sires sampled at the summer and winter solstice in France.
These results indicate that ewes selected for fertility in autumn lambing had lower nocturnal melatonin levels in August than control ewes. Correlated changes in circulating melatonin in response to selection for fertility in autumn lambing may result from either a biological relationship between the two variables or effects of random genetic drift in frequencies of genes controlling melatonin secretion. Potential for genetic drift is larger for more highly heritable traits, and both the current study and results of Zarazaga et al. (1998) suggest that heritability of circulating melatonin exceeds 0.40. Arguments for a biological relationship are strengthened if the magnitude and direction of correlated changes in melatonin levels between the lines are consistent with observed within-line relationships with fertility EBV. These relationships are numerically consistent in the current study, but the lack of a significant within-flock relationship in Model 3 leads us to conclude that a significant reduction in nocturnal melatonin levels has occurred in association with selection for fertility but cannot be definitively shown to represent a biological association between the two variables. Actual Select 122 ± 13 66 ± 12 82 ± 8 9 0 ± 7 Control 44 ± 12 47 ± 15 65 ± 10 52 ± 7 Combined 83 ± 9 5 6 ± 10 74 ± 6 7 1 ± 5 Transformed a Select 111 ± 20 48 ± 8 6 2 ± 7 6 9 ± 7 Control 31 ± 5 2 9 ± 6 5 3 ± 7 3 6 ± 4 Combined 59 ± 8 3 8 ± 5 5 8 ± 5 5 0 ± 4 a Back-transformed from the mean of the natural logarithm of circulating melatonin. Standard errors were derived by assuming that the standard error of the mean of the transformed values is approximately equal to the coefficient of variation in actual units.
Additive genetic effects on circulating melatonin levels have been reported within breeds (Zarazaga et al., 1998; Coon et al., 1999) . Two studies, each performed on a limited number of ewes, indicate a possible relationship between plasma melatonin concentration and onset of ovulatory activity. In the first, the interval between insertion of melatonin implants and onset of ovulatory activity in Ile-de-France ewes was positively correlated to the relative amplitude of endogenous melatonin secretion (Chemineau et al., 1993) ; in the second, the date of first ovulation in Aragonesa ewes was positively correlated to the same parameter (Zarazaga et al., 1997) . In contrast, on a large set of Ile-de-France ewes, no significant relationship was detected between dates of onset or cessation of the breeding season and melatonin amplitude (P. Chemineau and L. Zarazaga, unpublished data) . It is interesting to mention that melatonin plasma concentrations seem to be related, across species, to their degree of seasonality of reproduction. In swine (McConnell and Ellendorff, 1987, Paterson et al., 1992) and cattle (Berthelot et al. 1990 ), plasma melatonin concentrations are low, whereas in sheep (present study) and deer (Bubenik and Smith, 1987) they are high.
Prolactin Concentrations
Nocturnal prolactin concentrations (Table 3) were higher (P < 0.001) for S ewes (90 ± 7 ng/mL) than for control ewes (52 ± 7 ng/mL), but a flock × ewe age interaction was also significant (P < 0.02). Prolactin concentrations were highest for 10-mo-old S ewe lambs (122 ± 13 ng/mL) but considerably lower for all other groups. Among 2-yr-old and older ewes, mean prolactin concentrations tended to increase with ewe age (56 ± 10 ng/mL for 2-yr-old ewes and 74 ± 6 ng/mL for adult ewes; P < 0.20 before and P < 0.01 after transformation) and to be higher for S ewes (74 ± 7 vs 56 ± 9 ng/mL; P < 0.20 before and P = 0.05 after transformation). Pregnant ewes had slightly higher prolactin concentrations than nonpregnant ewes (77 ± 9 vs 64 ± 6 ng/mL), but effects of night and location of sampling, pregnancy status, and all other two-way interactions were not significant (P > 0.12).
When flock effects were removed from the model and replaced with the continuous effect of fertility EBV, circulating nocturnal prolactin increased with fertility EBV and the regression coefficient was homogeneous across ewe age, flock, and pregnancy status. In a model containing only effects of ewe age and fertility EBV, each 1% increase in fertility EBV was associated with a 1.16 ± 0.40 ng/mL increase in prolactin (P < 0.005). Ewe age effects were significant after adjustment for fertility EBV (Table 4 ), but differences were reduced relative to those in Table 3 because S ewe lambs had both the highest fertility EBV and the highest circulating prolactin. Adjustment of circulating prolactin for fertility EBV thus reduced mean prolactin levels for those animals.
When effects of both flock and fertility EBV were included in the model, effects of fertility EBV remained significant (1.21 ± 0.54 ngؒmL
; P = 0.025), despite lower within-flock variation in fertility EBV. Thus, in contrast to results obtained with melatonin, a significant within-line relationship was observed between fertility EBV and circulating prolactin and was consistent with observed flock differences. Effects of the flock × ewe age interaction remained significant after adjustment for effects of fertility EBV, in association with the high circulating prolactin in S ewe lambs (96 ± 9 ng/ mL). In 2-yr-old and older ewes, mean prolactin did not differ between S (64 ± 7 ng/mL) and control ewes (66 ± 9 ng/mL) after adjustment for fertility EBV but was higher for adult ewes (74 ± 6 ng/mL) than for 2-yr-old ewes (56 ± 9 ng/mL) (P = 0.09 before and P < 0.01 after transformation). Circulating prolactin increased with ewe age across all three age classes in control ewes, from 51 ± 12 ng/mL in 17-mo-old ewe lambs to 61 ± 15 ng/mL in 2-yr-olds and 72 ± 10 ng/mL in adult ewes.
Effects of maternal birth weight EBV on circulating prolactin were tested in a model that also contained effects of flock, ewe age, and the flock × ewe age interaction. Circulating prolactin was positively associated with maternal birth weight EBV (P = 0.03 before and Back-transformed from the mean of the natural logarithm of circulating melatonin. Standard errors were derived by assuming that the standard error of the mean of the transformed values is approximately equal to the coefficient of variation in actual units. P < 0.001 after transformation) and increased by 8.8 ± 4.0 ngؒmL
. After adjustment for maternal birth weight EBV, circulating prolactin remained highest for S ewe lambs (103 ± 9 ng/mL) but was much lower for older control ewe lambs (40 ± 11 ng/mL). Among older ewes, prolactin remained higher for S ewes (71 ± 6) than for control ewes (50 ± 8 ng/mL) (P < 0.05 before and P < 0.01 after transformation).
The correlation between fertility EBV and maternal birth weight EBV was small (−0.13; P = 0.10). When both continuous effects were included in a model with fixed effects of flock, ewe age, and the flock × ewe age interaction, circulating prolactin increased with both fertility EBV (1.23 ± 0.53 ngؒmL ; P = 0.025 before and P < 0.001 after transformation). Effects of ewe age and flock were consistent with those observed in other models, and mean difference between 2-yr-old and older ewes was now significant both before (P = 0.05) and after (P < 0.001) transformation. Among ewes 2 yr old and older, S ewes again had prolactin levels similar to those of control ewes (64 ± 7 and 63 ± 9 ng/mL, respectively) at the same fertility and maternal birth weight EBV.
The significant relationship observed between circulating prolactin and maternal birth weight EBV indicates that ewes that are capable of producing heavy lambs following gestation during summer also have higher levels of circulating prolactin. Ewes in this project grazed pastures containing tall fescue (Festuca arundinacea) and endotoxins produced by the fescue endophyte (Acremonium coenophialum) have been shown to reduce fertility of ewes mated in late summer (Bond et al., 1988) , but effects on lamb birth weights have not been reported. Ingestion of the fescue endophyte is, however, known to increase body temperature and depress circulating prolactin in many species, including sheep (Porter and Thompson, 1992) , and may accentuate effects of heat stress on lamb birth weight in ewes gestating during the summer. Direct effects of pregnancy or associated effects of litter size seem not to be involved because no overall effects of pregnancy status on circulating prolactin were observed and because regressions of circulating prolactin on maternal birth weight EBV were both adjusted for pregnancy status and consistent between pregnant and nonpregnant ewes.
The heritability estimate for circulating prolactin was 0.11 (P > 0.25) before and 0.26 (P < 0.10) after transformation. Other estimates of heritability for circulating prolactin in sheep were not found in the literature, but a low value is consistent with the large number of environmental factors that are known to influence prolactin secretion. The significant correlated response in circulating prolactin suggests a genetic basis for prolactin secretion, but the experimental design employed here probably was not powerful enough to detect low levels of genetic variation in circulating prolactin.
Results of the prolactin analysis were dominated by the very high circulating prolactin concentrations found in 10-mo-old S ewe lambs and manifested as a significant flock × ewe age interaction. These animals were experiencing their first exposure to long days since birth in the previous autumn. In contrast, the 17-mo-old control ewe lambs had lower circulating prolactin concentrations consistent with those observed in older ewes of both lines. In previous reports, effects of age on prolactin secretion in sheep differed from those observed in the present experiment: plasma prolactin concentration in August was reported to be twice as high in 22-moold ewes compared to 10-mo-old ewe lambs (Thimonier, 1989) and in 23-mo-old male lambs compared to 11-moold males (Ravault, 1976) .
Prolactin concentrations are known to increase under stress. We attempted to minimize this effect by confining animals in several small pens for sampling. Differential responses to handling among lines seem unlikely, but the elevated prolactin concentrations in 10-mo-old ewe lambs could reflect greater sensitivity to handling stress. Repeatability of circulating prolactin across sampling times was relatively high, suggesting consistency of the secretion pattern, but the somewhat lower correlations involving prolactin concentrations at the final sampling time may reflect cumulative effects of repeated sampling. The higher significance levels and lower means observed after transformation would also suggest the presence of a few animals with markedly elevated prolactin levels.
Results of the various analyses support a positive association between genetic merit for fertility in autumn lambing and circulating prolactin levels. Among ewes that were 2 yr old or older, prolactin concentrations were higher for S ewes, although the difference was significant only after transformation. A significant positive relationship was observed between fertility EBV across (Model 2) and within flocks (Model 3). Flock differences were thus consistent with, and therefore supported by, the within-flock relationship. This significant relationship was observed in both 2-yr-old and older ewes (0.98 ± 0.46 ngؒml ; P = 0.025).
Implications
Selection to improve fertility in autumn lambing seems to have affected circulating levels of photosensitive hormones. Nocturnal melatonin levels declined and prolactin increased in selected ewes, suggesting that these animals may provide a model for understanding genetic control of secretion of these hormones. Such results may also lead to a more precise characterization of other traits linked to melatonin and prolactin secretion, such as hair and(or) body growth, food intake, and effects of heat stress on fetal growth.
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